Third-cutting alfalfa with 37% DM was ensiled untreated or treated with either 2.8 g of formic acid100 g of DM or .31 g of formaldehyde/100 g of DM and fed to lactating d;ury cows in two experiments. Silage treated with formic acid had the lowest pH and concentrations of NPN, NH3, and total free AA. Both treatments decreased rumen in vitro protein degradability but did not affect in vitro rumen plus pepsin digestibility. In trial 1, part 1,22 Holstein cows received a standard diet for 18 d postpartum and then were fed for 6 wk one of three diets containing 98% alfalfa silage DM. Although DMI was comparable, yields of milk, SCM, fat, protein, lactose, and SNF were higher when treated silages were fed. Plasma concentrations of branchedchain, essential, and total AA increased when formic acid-treated silage was fed. Rumen pH and concentrations of N H 3 and VFA were similar for all diets. Rumen escape protein, estimated using I5N as a microbial protein marker, was increased more by formic acid than by formaldehyde treatment. In trial 1, part 2, supplementation with 4.8% fish meal increased concentration of milk protein and yields of milk, protein, lactose, and SNF. Milk urea concentration Received April 5. 1991. Accepted August 2, 1991. 'Mention of commercial products i n this paper is for purposes of identification only and does not constitute endorsement by the USDA or the Agricultural Research Service.
was higher on the untreated silage diet. Total tract apparent DM and N digestibilities were not affected by silage treatment, although fish meal decreased apparent DM digestibility. In trial 2, 8020 alfalfa silage:ground corn diets were fed to 12 midlactation cows in a 3 x 3 Latin square study. Milk production was unaffected, but milk protein concentration and DMI were higher when treated silages were fed. Feeding treated silages increased plasma concentrations of branchedchain AA, essential AA, and total AA. Formaldehyde and especially formic acid treatment effectively improved utilization of nutrients in alfalfa silage by lactating dairy cows. (Key words: alfalfa silage preservation, formic acid, formaldehyde, protein utilization)
INTRODUCTION
Alfalfa protein is subject to extensive degradation during ensiling; as much as 75 to 87% of the total N present in alfalfa silage may be NPN (23) . This results in inefficient N use, especially in diets in which fermentable energy is limiting. Formic acid commonly is used as a preservative for direct-cut silage in northern Europe. Formic acid-treated alfalfa silage had lower pH and NH3 concentrations than untreated controls and increased water-insoluble N (3, 20). Formic acid was more consistent than bacterial inoculants in reducing protein degradation and deamination in clover silage (37). Increased DMI and N retention have been reported in sheep (3) and dairy heifers (34) fed treated alfalfa silage. Little information is available on milk production when formic acid-treated alfalfa is fed to dairy cattle. Glenn et al. (15) reported a trend for higher milk yields when cows were fed alfalfa silage treated with formic acid plus formaldehyde; however, alfalfa comprised only 30% of the diet DM.
Formaldehyde reduces protein degradability by forming crosslinks between protein chains and has antimicrobial properties that may alter the bacterial population and fermentation pattern of silage (36) . Formaldehyde treatment of direct-cut herbage decreased proteolysis and apparent .N digestibility (3), although it increased N retention in growing sheep (3). Little is known about the effect of feeding lactating cows formaldehyde-treated alfalfa silage. Formaldehyde is presently approved for use as an antifungal agent in silages (W. A. Olson, personal communication). Residual formaldehyde levels in milk from cows fed formaldehyde-treated grass silages have been found to be negligible (18, 32).
The objectives of this study were to test the effects of treating wilted alfalfa silage with formic acid or Grainmaxm, a formddehydebased product, on DMI, milk and milk component yield, plasma metabolite concentrations, and DM and N digestion in lactating dairy cattle. In addition, the effects of these chemicals on silage fermentation and protein degradation in the silo and rumen were determined.
MATERIALS AND METHODS

Alfalfa was grown at the US Dairy Forage
Research Center Farm, Prairie du Sac, W.
Third-cutting, midbloom alfalfa was allowed to wilt to approximately 35% DM and then was ensiled in three polyethylene bag silos. Treatments were applied to alternate loads of chopped herbage. The amount of formic acid required to titrate herbage samples to pH 4.0 was used to determine formic acid application rate; Grainma-was applied as per the manufacturer's directions. Application rates were 2.8 g of formic acid/lOo g of DM or .31 g of fonnaldehyde/lOo g of DM (1.3 g of formaldehyde/lOO g of e). Samples of herbage were taken from each wagon load and stored at -2O'C.
Trial 1
Twenty-two multiparous Holstein cows, including 4 with rumen cannulas, were fed a covariate diet from d 4 to 18 postcalving and then randomly assigned to one of three alfalfabased diets on d 19. There were 2 ruminally cannulated cows in each group, including 2 midlactation cows (1 assigned to diet F and 1 to diet G). Thus, 8 cows were offered each diet. Ketoban-(Osbourn Corp., Fort Dodge, IA) was added to diets in trial 1 to prevent offfeed and ketosis problems associated with the change from the higher energy covariate diet to the all-forage diet. During part 1 of trial 1 (d 19 to 60 postpartum), cows were fed, without change, diets of essentially all alfalfa silage. tum), cows were used in a 28d switchback study consisting of two, 1 4 4 periods. Half of each treatment group continued on the same silage diet fed during period 1; the other half received the same silage plus fish meal (Zapata Haynie Corp., Hammond, LA). Diets were switched during period 2. Diet compositions are in Table 1 .
Animals were housed in tie stalls, and diets were offered for ad libitum intake once daily as TMR. Orts were weighed once daily. Silages and ozts were sampled daily, stored frozen, and composited weekly for DM analysis ( W C for 48 h). Diets were. adjusted weekly for variations in DM content of the diet components based on 6o'C DM. Animals were milked twice daily; milk samples were obtained weekly from each cow from four con- Cop., Fbrt Dodge, IA). (6) . A blood sample and fecal grab sample were collected from each animal 4 h postfeeding at an average of 35, 72, and 96 d postpartum. Blood was sampled from coccygeal vein or artery into heparinized tubes, and plasma was recovered after centrifugation at 1500 x g for 10 min. Feces and plasma were stored at -2o'c. Herbage and silage samples were thawed, then extracted with distilled water, and pH was measured (23) . Extract (20 ml) was deproteinized using 5 ml of 25% ( d v o l ) TCA. Water extracts were analyzed for lactate, acetate, ethanol, 2,3-butandol, succinate, formate, propionate, and butyrate by HF'LC (24). The TCA extracts were analyzed for N H 3 and total free AA (7) and NPN (23) .
Dry feeds were ground through a 1-mm Dried reticulodmasal digesta samples (1 g) were combusted at 5 W C for 16 h and the ash dissolved using 15 ml of aqua regia solution (concentrated HC1:concentrated HNO3, 3: 1, vol/vol). Samples were diluted to 100 g using .6% ( e o l ) LiOH solution. Another portion of omasal sample was thawed and centrifuged at 30,000 x g for 20 min to separate the solid and liquid fractions. The pellet was washed once with distilled water. The Supernatant plus wash was treated with LiCl to give lo00 ppm of Li. The pellet was dry ashed and diluted as described previously. The Yb concentration was determined in whole digesta, solids, and fluid by direct current plasma spectroscopy (SpectraMetrics, Inc., Andover, MA). Fractional passage rates of solids were estimated from the slope of the Yb 
Trial 2
Twelve multiparous Holstein cows were blocked according to days in milk and production and used in a 3 x 3 Latin square design experiment with 2-wk periods. Protein yield response to postruminal protein infusion is very rapid, occurring within 24 h (8); hence, 1 wk was considered adequate for adaptation to the protein effects of the silages. These midlactation animals had been used in trial 1. Three diets using the previously described silages and ground corn were fed ( Table 1) . Determination of DMI, milk production, and milk sampling procedures were as described for trial 1. These data were collected during the 2nd wk of each period and used for statistical analysis. Blood was taken from the coccygeal vein or artery on the last day of each period, and plasma was prepared, deproteinized, and stored at -20°C until analyzed as described for trial 1.
Statistical Analysis
Production of milk and milk components during trial 1, part 1, was analyzed using the general linear models (GLM) of SAS (30) according to the model
where Y i , = the dependent variable for treatment i for cow j; m = the overall mean; Ti = effect of treatment i, i = C, F, or G, b = the regression of Y on X, X i , = dependent variable for treatmemt i for cow j for the covariate period, j = 1 to 8 for C, j = 1 to 7 for Fand G, and &, = random residual, assumed independent and normally distributed. Mean daily production of milk and milk components were regressed on daily milk production during the last 7 d of the covariate period. Dry matter intake, milk component concentration, and plasma AA concentrations were analyzed using this model without the b(X$ term. Data from the two midlactation cows were not included in these analyses. Differences among diets for production data were separated by preplanned orthogonal contrasts. Single degree of freedom comparisons were A = untreated silage versus treated silage, and B = formic acid-treated silage versus formaldehyde-treated silage.
Analysis of rumen pH, NH3, VFA, microbial N, NAN flow, and estimated escape N was done using the GLM of SAS (30) residual, assumed independent and normally distributed. When interaction terns were not significant, they were pooled with the residual term. Differences among diets were separated using orthogonal contrasts. Single degree of freedom comparisons were A = untreated silage versus treated silage diets; B = formic acid-treated silage versus formaldehyde-treated silage diet; and C = no fish meal supplement versus fish meal supplement.
h4ilk production data, DMI, and plasma AA concentrations in trial 2 were analyzed using the GLM of SAS (30) according to the model
where Y~N = the dependent variable for square i, period j, cow k, and treatment 1; m = the overall mean; Gi = effect of square i, i = 1 to 4; Xij = effect of period j for square i, j = 1 to 3; Pk = effect of square i for cow k, k = 1 to 3; TI = effect of treatment 1, 1 = diet C, F, or G, (Gnu = interaction of square i and treatment 1;
and &w = random residual, assumed independent and normally distributed. When interaction terms were not significant, they were pooled with the residual term. Treatment difgle degree of freedom orthogonal comparisons, which were A = untreated silage versus treated silage and B = formic acid-treated silage versus formaldehydetreated silage. Significance was declared at P < .05 unless otherwise noted.
ferences were sf=parated using preplmed, sin-
RESULTS
Trial 1
A summary of changes in the N fractions of treated herbages and silages is in Table 2 .
Formic acid was more effective in reducing herbage pH than was formaldehyde. Total N was slightly less in silage than herbage, whereas "N rose substantially. Free AA N and N H 3 increased during fermentation, but this effect was less apparent for F silage.
Treatment had little effect on silage DM, NDF, ADF, or ADiN flable 3). Total organic acids were considerably lower for F than C or G, indicating that fermentation was restricted.
The NPN, NH3, and free AA concentrations were lowest in F silage, followed by G, then C. Untreated silage contained the highest concentration of butyric acid, although all silages had low levels. In vitro degradability of silage N in m e n fluid was less for treated silages than for C (Table 3 ). Similar extents of N digestion were found when nunen fluid was followed by a pepsin digestion. Data on DMI, BW change, and milk production for trial 1, part 1, are in Table 4 . Dry matter intake and BW loss were similar for all diets. Covariate adjusted milk production and S C M were higher for treated silage diets than for C. Concentration of milk fat was lower and urea higher for C than for treated silage diets.
Milk protein concentration was higher when F rather than G silage was fed This also was reflected in a trend for higher (P < .l) SNF concentration. Covariate-adjusted fat, protein, lactose, and SNF production were greater on treated silage diets than on C.
Rumen pH, total VFA concentration, and acetate:propionate ratios were comparable across diets ( Table 5) . Ammonia concentration tended to be lower (P < .l) when treated silages were fed. Molar proportions of isobutyrate and isovalerate plus 2-methylbutyrate were higher on G than on F;
but acetate, propionate, butyrate, and valerate
were not different (P > 25). Microbial N was a greater proportion of rumen NAN in cows fed C than in cows fed treated silage and tended to be greater (P < .l) for G than F (Table 6 ). Passage of bacterial N and total NAN was similar among diets. Dietary NAN flow was lower for untreated silage. Estimated rumen escape of dietary NAN tended to be higher (P < .l) for F than for G.
Concentrations of plasma metabolites in trial 1, part 1, are in Table 7 . Urea and glucose were not affected by diet. Hydroxyproline, threonine, valine, isoleucine, and leucine concentrations were higher when treated silages were fed, whereas glutamine and methionine were lower. Diet F increased plasma threonine, valine, cystine, leucine, ornithine, and lysine when compared with diet G. Branched-chain AA (BCAA), B C M to glycine ratio (BCAA: Gly), and essential AA (EAA) concentrations were higher for treated silages when compared with the control and were higher for diet F than G. Sulfurcontaining AA were higher for C than treated and were higher for F than G diet. Total M also were higher for diet F than for G.
Dry matter intake and milk production with fish meal supplementation of silages (trial 1, part 2) are in Table 8 . No treatment by fish meal interactions were significant for any production parameters (P > .lo). A sequence by fish meal interaction was found in milk urea concentration. Fish meal feeding increased milk urea concentration, milk production, protein concentration, and protein, lactose, and SNF secretion. Untreated silage diets resulted in lower fat concentration and yield than treated silage diets. Total tract apparent DM digestibility was decreased by fish meal supplementation, although apparent N digestibility was unaffected (Table 8) .
Plasma urea was increased by fish meal supplementation, but glucose was unaffected (Table 9 ). Plasma concentrations of alanine, leucine, histidine, arginine, and BCAA:Gly increased over time, which led to a sequence by fish meal interaction. Treated silage diets gave lower plasma serine, glutamine, and glycine but higher alanine, valine, isoleucine, and leucine concentrations than C. Plasma asparagine, glutamine, alanine, and tyrosine were lower for diet F than G, but valine, leucine, and isoleucine were higher. A treatment by fish meal interaction was detected for plasma histidine, because concentration decreased with supplementation for diet C, but it increased for diets F and G. Branchedchain AA, BCMGly, and EAA were higher for treated silage diets than C diets, but nonessential AA were lower. The same results were found for F versus G.
Trial 2
Dry matter intake and BW gain on treated silage diets were higher than those on C (Table   10 ). Protein concentration and yield also were increased. Milk production, SCM production, and fat and lactose concentrations were unaf- IC = Untreaw P = formic acid-treated; G = formaldehyde-treated. Values are least squares means (n = 6).
2Single degree of freedom orthogonal contrasts: A = unlreated versus treated, B = formic versus formaldehyde.
3~u~fur-containing AA, sum of methionine PIUS cystine. 'branched-chain AA, sum of valine, isoleucine plus leucine. 5~ssentia1 AA, snm of lysine, histidine, arginine, threonine, valine, methionine, isoleucine. leucine, tryptophan plus 6NonessentiaI AA. sum of asparagiae. serine, glutamic acid, glutamine, alanine, glycine plus proline. tP < .lo.
*P < .05.
phenylalanine.
fected by diet (P > .20). Concentration of SNF tended to increase (P e .lo) when treated silages were fed. Yields of fat, lactose, and SNF were not different.
Plasma glucose was lower when treated silages were fed (Table 11 ). Urea concentration was increased when treated silage was fed and was higher for F than G. Threonine, proline, citrulline, valine, isoleucine, leucine, tyrosine, phenylalanine, tryptophan, ornithine, lysine, histidine, and arginine concentrations were lower, but glutamic acid, glutamine, and glycine were higher when untreated silage was fed. Glutamic acid and glycine decreased more for diet F than G, whereas valine, isoleucine, and leucine were higher. Branched-chain AA, BCMGly, and EAA were higher on treated silage diets and on F versus G. Total protein AA were higher for treated silage diets versus C. tP < .IO. *P < .05.
DISCUSSION
Silages were well preserved, as indicated by low pH and butyric acid concentrations (Table  3) (21) . Formic acid rapidly decreased herbage pH and restricted fermentation, as illustrated by the low levels of organic acids and alcohols in the F silage. About two-thirds of the formic acid applied was recovered in the silage. Both C and G silages had typical levels of lactic acid, but G had higher 1actic:acetic acids and lower succinate and butanediol. Low butyric acid concentrations suggested that wilting inhibited clostridial growth (35) .
Changes in the N fraction of silages were substantially affected by additives. Formic acid was most effective in preventing protein degradation, probably by rapidly decreasing pH and inhibiting plant proteases. Reduced protein degradation was demonstrated by the lower NPN, NH3, and total free AA in F silage versus C or G (Table 3 ) even though C and G reached pH conditions typical for alfalfa silage. Similar results have been reported (3, 20). Although applied at the level recommended by the manufacturer, acid content of GrainmaxTM may have been insufficient to drop herbage pH enough to inactivate plant proteases during the time required for formaldehyde to react with proteins. Herbage contained more N than silage, whereas DM tended to increase in silages (Table 2) . These changes imply a loss of water-soluble N from silage that may have accounted for the relatively low levels of NF" present in all three silages. Broderick et al. (9) reported that alfalfa ensiled with 30 to 55% DM contained 62 to 76% NFN, mean "N in the present trial was 36% of total N. Concentrations of NDF, ADF, ADIN, and CP were typical of late vegetative alfalfa (27), demonstrating that the forage was of high quality (Table 3) , despite its harvest at midbloom. Silage NEL, calculated according to Mertens (22) . virtually was identical among silages: 1.46, 1.41, and 1. 41 McaVkg of DM for C, F, and G, respectively.
Silage DMI by dairy cattle did not differ among treatments when all forage or diets supply may have limited production on silage C. Protein absorbed in excess of demand serves as a source of gluconeogenic precursors, which partly may explain the higher milk yields of cows fed silages F and G. In trial 1, part 2, diets supplemented with fish meal supplied 121, 380, and 143 g/d of additional AP over unsupplemented diets C, F, and G, assuming a 60% undegraded intake protein (UIP) for fish meal (27). Supplementation increased daily milk yield 1.2 kg and protein secretion 50 to 80 g (Table 8 ). Fish meal feeding also increased lactose and SNF production because of higher milk yields. It was hypothesized that cows receiving C, the diet lowest in ruminal escape protein, would respond most favorably to increased escape protein. No fish meal by diet interaction was significant for any milk criterion, indicating that response to fish meal was independent of silage treatment. Response to supplementation may have been the result of changes in the amount and type of AA absorbed. Increased weight gain was observed by Barry et al. (3) when alfalfa-based diets were supplemented with DL-methionine. Fish meal protein contains higher S-containing AA and lysine than does alfalfa (26).
Concentration of most milk components was unaffected by silage treatment. Protein concentration was depressed in all treatments. '~ssential AA, sum of lysine, histidine, arginine, threonine, valine, methionine, isoleucine. leucine, tryptophan PIUS %onessential AA, sum of asparagine, serine, glutamic acid, glutamine, alanine, glycine plus proline.
sum of methionine plus cystine. phenylalanine.
tP < .lo. *P < .05.
Depressed milk protein has been associated with high forage, low energy diets (33) .
Animals fed treated silages in trial 2 had higher milk protein concentrations (Table 10) . and a similar trend was seen in trial 1 ( and efficiency of ruminal N capture (2, 28). Millr urea in trial 1, part 1, was not different among silages (Table 4) . and overall concentrations were lower than in part 2, in which C gave higher milk urea concentration than F or G ( Table 8) . The sequence by fish meal interaction in trial 1, part 2, indicated increased milk urea when fish meal was fed, regardless of whether fish meal was fed in the frrst or second period of the cmssover. Diets based on C led to the highest milk urea concentrations, which implied that the ratio of degradable protein to energy intake was greater than optimal. Plasma urea concentrations in trial 1 followed a pattern similar to mi& urea concentrations. Plasma urea in aid 2 was lower for C and G compared with F (Table 1 1) . This reduction may have been due to the higher N intake on diet F. Plasma glucose levels were higher in trial 2 than trial 1, but they were not affected by silage source. This was not surprising, because animals in trial 2 received a higher energy diet, and the lower energy re quirements for these midlactation cows were met more easily.
Increased plasma BCAA concentrations and plasma BCAA:Gly ratio have been associated with improved protein status (4). Plasma BCAA and BCAA:Gly ratio increased when treated silages were fed in all experiments (Tables 7 and 11 the present study probably are due to a combination of improved supplies of AA and energy, rather than protein alone, in animals receiving treated silages. Glutamine, a major carrier of NH3, was elevated on C diets, possibly in response to increased need for N excretion.
In vitro N digestibility showed that alfalfa treated with formic acid or formaldehyde was more resistant to rumen degradation, but overall N digestibility was not different from the control ( Table 3 ), indicating that intestinal p m kin digestibility was not depressed. In vivo measurements of NAN flows also revealed greater rumen passage of treated silage protein (Table 6 ). In addition, rumen NJ33 concentrations tended to be highest for untreated silage ( 
CONCLUSIONS
Formic acid treatment of wilted alfalfa silage was effective in reducing N degradation in the silo and the rumen and in increasing milk production. Application of formic acid is micult because of its corrosive nature and cost. Additional work must be done to develop accurate on-farm tests to predict when formic acid application is appropriate and what application rate is optimal. Response of early lactation cows fed high energy diets containing treated alfalfa silage as the sole forage needs to be quantified.
Treatment of wilted alfalfa silage with the formaldehydexontaining additive Grainmaxm also improved protein recovery from the silo and milk production. However, Grainmaxm was not as effective as formic acid in reducing silage NF" and maintaining milk protein secretion, possibly because of the low application rate or its inability to reduce herbage pH rapidly.
